Abstract-We implemented a software-defined radio based on a recently developed unified framework for constructing various spectrally-modulated, spectrally-encoded (SMSE) signals. Two waveforms, Multi-Carrier Code Division Multiple Access (MC-CDMA) and Transform-Domain Communication System (TDCS) were selected to demonstrate the capabilities of the framework. A transmitter and receiver were each implemented on separate digital signal processor starting kits (DSK). A channel simulator, consisting of additive white Gaussian noise and narrowband BPSK interferers, was implemented on an FPGA. Burst transmissions from transmitter to receiver through the channel simulator were conducted to evaluate the bit-error rate performance of the system. The bit-error results from the hardware implementation closely match theoretical results. Also, TDCS was shown to mitigate effects of narrowband interference compared to MC-CDMA.
INTRODUCTION
The spectrally modulated, spectrally encoded (SMSE) framework for generation of various spread spectrum and multicarrier communication waveforms was developed by researchers at the Air Force Institute of Technology (AFIT) [1] . The development of the SMSE framework was motivated by the potential of software-defined cognitive radio (CR-based SDR). The CR-based SDR will allow for novel wireless communications systems that support multiple capabilities (cellular, Bluetooth, radio and TV, 802.11, etc.) operating on a single platform. These platforms will require waveform agility (the ability to generate multiple communications waveforms and operate seamlessly with all of them) as well as a cognitive ability (in order to select the most appropriate waveform to use, while making the selection process transparent to the user). As the electromagnetic spectrum becomes more congested, CR platforms will also require the ability to dynamically adjust the spectrum usage of the radio in response to its changing environment. Spread spectrum and multicarrier waveforms thus make a logical choice for inclusion in future CR platforms [2] . In published papers, the SMSE framework has been shown to correctly generate multicarrier waveforms and produce bit-error rate (BER) curves that match theoretical results [1] . However, most of this work has been done using computer simulation up until very recently. As a result, hardware implementations based on the SMSE framework are an active area of research [3] .
This work seeks to add to this growing body of knowledge by developing and studying a digital signal processor implementation of a transmitter/receiver pair based on the SMSE framework. This work will serve as an initial digital signal processor implementation based on the SMSE framework and as a proof-of-concept, eventually leading to a fully functional SMSE implementation. While the SMSE framework is capable of implementing many communications waveforms, we have chosen to implement two spread spectrum waveforms (MC-CDMA and TDCS) that we believe will give a good representation of the capabilities of the framework. To the best of the authors' knowledge, this work is the first attempt to implement a SMSE system on a digital signal processor.
The rest of this paper is organized as follows: TDCS, MC-CDMA, and SMSE framework are introduced in the second section, our hardware implementation diagram is described in the third section, the experimental/simulation results and discussions are presented in the fourth section, and the fifth section concludes this paper.
II. TDCS, MC-CDMA, AND SMSE FRAMEWORK

A.
TDCS TDCS is a novel communications scheme that has not yet received much attention in the literature [2] . It has been demonstrated that, for a single stationary transmitter and receiver operating in an AWGN channel with various types of interference (including fixed tones, swept tones and partial band interference), TDCS is better at interference avoidance and mitigation than conventional direct sequence spread spectrum [4] .
The goals of TDCS are to avoid interfering signals in the spectrum of operation while also ensuring low probability of intercept and detection (LPI/LPD) [5] . TDCS does this by dynamically altering the frequency components of the transmission waveform (known as the Fundamental Modulation Waveform, or FMW) based on the observed spectrum of the environment. A block diagram of the TDCS is shown in Fig. 1 . The first step in TDCS communications is spectrum estimation, which is performed at both the transmitter and the receiver. A spectral estimation technique such as a periodogram can be used to sample the spectrum activity at the transmitter's location. The result of the spectrum estimation is fed to a spectrum magnitude block which places a hard threshold on the spectral estimation. Frequency components with power exceeding the threshold are set to zero (nulled) while frequency components that do not exceed the threshold are assigned a gain value of one. This block results in a vector, A(ɷ), depicting the "clean" interference-free spectrum [2] .
After the spectrum vector is generated, a pseudorandom (PR) phase vector is applied to A(ɷ) to generate B b (ɷ). The purpose of the PR phase is to ensure that the time-domain waveform exhibits weak correlation properties, thus contributing to LPI/LPD. r bits of a binary PR sequence, which can be generated by a shift register, are mapped to one of 2 r phase values equally spaced around the unit circle. This approach may appear similar to a spread spectrum multiple access scheme such as Direct Sequence CDMA (DS-CDMA). However, the key difference between DS-CDMA and TDCS is that in the former the PR code is used to spread the spectrum, while in the latter the PR code is used to randomize the phase of the subcarriers, leading to LPI/LPD [2] .
The TDCS receiver contains an identical structure to the transmitter for generating the reference FMWs. The received waveform is correlated with each reference FMW, and a maximum likelihood decision rule is used to estimate the received symbol [2] . Note that in order to generate the reference FMWs, it is necessary to sample the spectral environment to determine which frequency components need to be notched out. In previous work describing the TDCS, it is assumed that the transmitter and receiver exist in the same environment and thus will notch out identical components [6] . 
B.
MC-CDMA MC-CDMA may be viewed as combining DS-CDMA with OFDM. Like OFDM, an MC-CDMA signal consists of several subcarriers. However, while OFDM transmits a different symbol on each subcarrier, MC-CDMA transmits the same symbol across all subcarriers. Prior to the inverse Fourier transform, each subcarrier is multiplied by a different chip of a binary spreading sequence (+/ 1). This is similar to direct-sequence spread spectrum (DSSS), except MC-CDMA performs the signal spreading in the frequency domain as opposed to the time domain. Key benefits of MC-CDMA include immunity to intersymbol interference and multiple access capability [7] . In a multiuser MC-CDMA system, the spreading sequence provides user separation; each transmitter modulates its signal with a unique spreading code such that the cross-correlation of one code with another does not yield any significant peaks. Similar to DSSS, this property allows multiple users to transmit simultaneously while ensuring that each user's transmissions can be separated out at the receiver. The users benefit from the reduction of fading effects due to the frequency diversity obtained via the use of subchannels [7] .
C. SMSE Framework
In 2006 Roberts et al [8] proposed a single mathematical framework from which several classes of SMSE waveforms can be generated. The SMSE framework allows for the generation of multiple waveforms such as OFDM, MC-CDMA, TDCS as well as several others that are not considered in this paper. To the best of the authors' knowledge, no other framework can generate such a variety of communication waveforms.
This SMSE framework was developed as an offshoot of an earlier attempt to develop a unifying analytic framework for ultra-wideband (UWB) signals [9] . The SMSE framework differs from the UWB framework in that the signals are spectrally designed as opposed to temporally designed. The original proposal [8] included only a transmitter framework and only applied to three OFDM-based signals; in 2007 the framework was expanded to include a full transmitter-receiver structure and additional SMSE signals [1] .
The framework consists of six complex-variable frequency domain vectors (d, c, w, o, a, u) that are combined via Hadamard multiplication as in (1) 
In Eq. 1, s is the SMSE waveform represented in the frequency domain, k is the symbol number, and m denotes the m th of N F spectral components in the bandwidth of interest. The notation θ x represents the phase of x. It is worth noting that the framework accounts for multiple user pair, antenna or channel realizations by expanding the complex-variable vectors into matrices with one row for each realization. However, this paper is only concerned with a single user pair realization and will thus use the vector representations. The framework's complex-variable vectors are described in more detail below.
 a represents the spectral components assigned for use by the radio. In a full CR application, this information would come from a network controller and the information would be determined a priori. A magnitude of 1 indicates that the spectrum is available; a 0 indicates that the spectrum is unavailable. For this application and in [1] , a is assumed to be 1 for all m.
 For TDCS, u represents the spectral components that are currently not in use by other users. This information is obtained through the spectral sensing component of the radio. A magnitude of 1 indicates that the spectrum is unoccupied (available); a 0 indicates that the spectrum is occupied (unavailable). For MC-CDMA, u is also dependent on the parameter F which determines subcarrier spacing, defined by:
In Eq. 2, f m represents the carrier frequency corresponding to frequency bin m and T sym represents the intra-symbol transmission time, where m takes on a value of 1 to N F (the number of frequency bins in the bandwidth of interest). For F = 1, the subcarriers are equally spaced at an interval equal to the symbol rate. Also, for F = 1, MC-CDMA has a similar structure to OFDM except for transmitting the same symbol across all subcarriers (as opposed to transmitting a different symbol on each subcarrier as done in OFDM). In this paper, it is assumed that F = 1, so u m = 1 for all m for MC-CDMA.  o is a phase-only vector used for providing orthogonality between users in the context of a carrier interferometry scheme. According to [1] , for OFDM, MC-CDMA and TDCS, the phase component of o is assumed to be 0 for all m and k. At the receiver, following synchronization a Fourier transform operation is performed to transform the signal into the frequency domain. Here, decoding and demodulation will be performed. The correct values for a, c, w, and o are assumed to be known at the receiver a priori. u must be determined by the receiver for spectral sensing. In [1] it is assumed that the transmitter and receiver observe identical spectra and thus generate identical u vectors. The values for a, c, w, o, and u are removed from the spectral components of the received signal. Then, the spectral components are averaged over the bins over which data is spread, resulting in a complex value. This averaged value is compared to a constellation of M possible symbol values to determine the most likely symbol received. 
III. IMPLEMENTATION
Digital signal processors have been used to implement a wide variety of telecommunications applications, including spread spectrum radios [10] . Haker used a Texas Instruments DSP as an implementation platform for a TDCS transmitter/receiver pair [6] . Due to the sampling rate limitations of the DSP, his implementation was limited to an acoustic channel instead of an RF channel. Indeed, this is often a limitation of the DSP when it comes to communications applications, leading many developers to select an FPGA due to the higher processing rates that are possible [11] . However, if the bandwidth of the RF signal is less than the instruction rate of the DSP, an analog RF frontend can be used to demodulate the RF signal to baseband at a sampling rate that can be processed by the DSP [10] .
There are three major components to the SMSE communications system: the transmitter, channel model and receiver. The transmitter and receiver are implemented on separate Spectrum Digital DSKs each featuring a Texas Instruments C6416 fixed-point digital signal processor. Each DSK also consists of a DSP Star AD/DA combo operating at 48 kHz. The channel is implemented on a Nallatech XtremeDSP development kit featuring a Xilinx Virtex-4 FPGA. The FPGA kit is located on a PCI card which is housed within a PC that is also used to control the transmitter DSK. A separate PC is used to control the receiver DSK. The DSKs are controlled by their respective PCs via a USB interface.
The transmitter DSK, channel FPGA, and receiver DSK are all interconnected via coaxial cable.
The transmitter repeatedly sends one-second burst transmissions to the receiver via the channel model, which manipulates the signal based on the desired effect of the channel. The receiver performs processing and compares its estimate of the received bits to the transmitted bit sequence to determine the number of bit errors that occurred. A separate coaxial line is connected from the receiver to the transmitter. This is simply used by the receiver to signal the transmitter to begin another burst transmission.
It is not used for any kind of timing synchronization. The transmitter and receiver both perform spectrum sensing to determine which spread spectrum scheme (MC-CDMA or TDCS) to use and which spectrum segments are occupied. Fig. 2 shows the system hardware, SMSE signal flow (solid lines), and control interfaces (dashed lines). 
IV. EXPERIMENT RESULTS AND DISCUSSIONS
Monte Carlo testing is used to provide an estimate of the bit-error rate (P E ) of the developed SMSE communications system under different energy per symbol to noise density (E s /N 0 ) values [12] . Bit error curves (P E vs. E s /N 0 ) are provided for each of the following scenarios.
 MC-CDMA: AWGN, AWGN+1 interferer, AWGN+2 interferers, and AWGN+3 interferers  TDCS: AWGN, AWGN+1 interferer, AWGN+2
interferers, and AWGN+3 interferers
The developed DSP-based SMSE system is used to obtain hardware testing results. For the hardware results, each point on the BER curve represents the average bit-error rate value obtained in 10 burst transmissions. Since 350 bits are transmitted in each burst, this means that 3500 bits are transmitted for each point on the BER curve. E s /N 0 is incremented from 0 to 6 dB in increments of 1 dB. Results for MC-CDMA and TDCS are plotted on the same figure, along with a theoretical bit-error rate curve for BPSK, to allow for easy comparison between the two schemes. Fig. 3 shows the performance of MC-CDMA and TDCS in the presence of AWGN and 1, 2, and 3 interferers, respectively. The experimental results show the effectiveness of the SMSE system with the transmitter and receiver implemented on separate digital signal processors. Results for MC-CDMA and TDCS in AWGN (without narrowband interference) in Fig. 3(a) closely match the theoretical bit-error results expected for BPSK in AWGN. As expected, when narrowband interference is introduced to the channel, MC-CDMA exhibits a performance impairment that is most notable at E s /N 0 of 3 dB or greater. TDCS is able to mitigate this impairment almost completely for one or two interferers by notching out the interference-laden spectrum in the transmission waveform.
When there are three narrowband interferers in the channel, TDCS is only able to partially mitigate the bit-error performance impairment observed in MC-CDMA and has a performance worse than that of BPSK in AWGN. This result was not expected based on previous results reported in the literature [5] . It is believed that this is due to the nature of the narrowband interference generation performed in the hardware. No filtering is applied to the interferers in our hardware testing setup. When the interferers are modulated, energy is allowed to spread across the entire channel bandwidth. In a more typical channel scenario narrowband interference would be filtered prior to transmission in order to confine the released energy to the bandwidth of the interferer's message signal. It is believed that this spectral spreading across the bandwidth contributes to a rising of the noise level which impairs the bit-error performance as the number of interferers increases.
To test this theory, in simulation each of the narrowband interferers was put through a bandpass filter centered on the frequency of the interference with a 3 dB bandwidth equal to the bit rate of the BPSK interferer. The purpose of this was to reduce the amount of energy spread outside the message signals being transmitted by each interferer. It is believed that this will reduce the interference (and performance impairment) caused by the rising of the noise floor across the TDCS transmission bandwidth. Fig. 4 shows the results of this test in floating point simulation. TDCS is now able to restore the performance to that of BPSK in AWGN when there are 3 interferers in the channel. Also note that even MC-CDMA exhibits better performance when the 3 interferers are filtered. Based on this result, it is believed that the originally observed results are due to the way by which the narrowband interference is created in the channel.
A separate hardware test was done, evaluating MC-CDMA in the presence of AWGN and a single interferer with varying power. Fig. 5 shows the results from this hardware implementation. E s /N 0 was held steady at 6 dB. The signal-tointerference ratio (S/I) was varied from 17 dB to 3 dB in increments of 2 dB. It was found that an S/I of 12 dB led to a noticeable performance detriment to MC-CDMA; this value for S/I was adopted for all subsequent testing. The results led to the decision to adopt an S/I of 12 dB for all scenarios, so that a significant performance detriment could be observed in MC-CDMA.
V. CONCLUSION
In this research work, a transmitter/receiver pair based on the SMSE framework was successfully implemented in DSP hardware. Two multi-carrier techniques, MC-CDMA and TDCS, were selected as candidates for study to exemplify the capabilities of the SMSE framework.
Our results show that the DSP is a capable platform for implementing an SMSE-based transmitter or receiver. The works presented in this paper can lead to a fully functional SMSE implementation. We compare the performance of the SMSE hardware implementation when transmitting using MC-CDMA vs. TDCS in the presence of narrowband interference. It was found that the hardware version of TDCS was capable of mitigating the detrimental performance effects caused by one or two unfiltered narrowband interferers. Further analysis via simulation suggests that TDCS was able to fully mitigate detrimental effects caused by more than two interferers when the interference was filtered. 
